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On September 1, 2004, Mt. Asama in central Japan erupted for the ﬁrst time in 21 years. Between this
moderate eruption and mid-November of the same year, 4 additional moderate eruptions occurred. We installed
8 broadband seismic stations in addition to the short period seismic network around the volcano and succeeded
in recording the near-ﬁeld seismic signals associated with the summit eruptions. The results of the waveform
inversions clearly show that the force system exerted at the source region is dominated by vertical single force
components. The source depths of the single force are shallower than 200 m from the bottom of the summit
crater, and the order of magnitude of the single force is 1010–1011N. The source time history of each vertical
single force component consists of two downward forces and one upward force. The initial downward force
probably corresponds to the sudden removal of a lid capping the pressurized conduit. The drag force due to
viscous magma moving upward in the conduit can explain the upward force. The correlation between the single
force amplitudes and the amounts of volcanic deposits emitted from the summit crater are not necessarily positive,
suggesting that the amount of deposits remaining within the summit crater may have played an important role in
the excitation of the single force.
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1. Introduction
The most general representation of seismic point sources
is a combination of 6 moment tensor components and 3
single force components (Aki and Richards, 1980). Fault
motions and volumetric changes in the source region are
examples of seismic sources represented by 6 moment ten-
sor components and are often observed in nature. On the
other hand, single force components are not frequently ob-
served. Most of the reports on single force components
in the seismic sources are associated with volcanic activ-
ities (e.g., Kanamori and Given, 1982; Kanamori et al.,
1984; Nishimura, 1998; Takeo et al., 1990), landslides
(Kawakatsu, 1989) or downhill sliding of glacial ice (Ek-
stro¨m et al., 2003). The results of the reports associated
with volcanic eruptions are explained essentially by the
downward force that is required to compensate for the up-
ward momentum of the volcanic ejecta. The other two ex-
amples are associated with the detachment of a huge mass
from country rock or glacial ice. The country rock or ice is
initially pulled downward by gravity and the force originat-
ing from the mass detachment is thus in the upward direc-
tion.
As far as we know, the ﬁrst report of simultaneous obser-
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vation of downward and upward forces is the research done
by Chouet et al. (2003), who deployed a dense broadband
seismic network in Stromboli, Italy. After intense investi-
gations, they concluded that the contribution of the single
force components to the amplitude of the observed seismo-
grams was 5–13%. They proposed that the observed forces
could be explained by the movement of the magma column
perched above the source centroid in response to the piston-
like rise of a slug of gas in the conduit.
During the Mt. Asama volcanic activity in 2004, we also
observed both downward and upward single forces which
were separated from each other only several seconds. In
that case, however, the contribution of the single force com-
ponents dominated the observed waveforms. The amplitude
of the signal originating from the single force components
was almost equal to that of the observed waveforms.
The times used in this report are local times (JST) and the
elevations are measured with respect to sea level.
2. Setting and Seismic Activity of Asama Volcano
Mt. Asama is an andesitic volcano located in central
Japan (Fig. 1). The summit elevation is 2560 m above sea
level, and the size of the active summit crater is 450 m in
diameter and 150 m in depth. It is one of the most active
volcanoes in Japan. The ﬁrst eruption recorded in historic
documents occurred in 685. After a 400-year period of ap-
parent dormancy, a large-scale plinian eruption occurred in
1108 with more than 1 km3 of volcanic ejecta. In 1783, an-
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Fig. 1. Location of Mt. Asama and the seismic network. Closed circles are
broadband stations. All of these stations except for AVO2 and HOT2
are equipped with short period sensors. FJM and SAN (open circles)
have short period sensors only. Short period seismograms were used for
the analysis of Event 1 on September 1 and Event 5 on November 14.
Broadband seismograms were used for all events except for Event 1.
other plinian eruption wiped out 4 villages and killed sev-
eral hundred people (Aramaki, 1963). Most of the eruptions
since then have been of the vulcanian type. The last major
eruptions were vulcanian and occurred during the periods
1973–1974 and 1982–1983. Mt. Asama is also famous for
its role in the classiﬁcation of volcanic earthquakes. The
traditional classiﬁcation of volcanic earthquakes based on
seismogram appearance, in which earthquakes are catego-
rized into A-type, B-type, explosion, or tremor (e.g., Mi-
nakami, 1974), was ﬁrst established by the careful exami-
nation of waveforms recorded on smoked paper at Asama
Volcano Observatory. To the west of Mt. Asama, there is
a row of older Quaternary volcanoes collectively known as
Eboshi Volcano. The volcanism near Mt. Asama appears to
have progressed eastward, with Asama volcano as its east-
ern end and the youngest member of the row.
GPS observations showed magma injections beneath
Mt. Asama from the middle of July to the end of August in
2004 (Murakami, 2004; Aoki et al., 2005). The ground de-
formation source inferred from the GPS data was an open-
ing of a nearly vertical dike beneath Eboshi-Asama volcanic
row. Long period seismic signals with unique waveforms
and a dominant period up to 10 sec had been frequently
observed in the two years leading up to the eruption (Ya-
mamoto et al., 2005). An intense seismic swarm started
at about 3 pm on August 31 (JMA, 2004). On Septem-
ber 1, the ﬁrst vulcanian eruption occurred at 20:02 (JST).
This eruption was accompanied by a strong air shock that
was observed at stations more than 1000 km away (Fuji-
wara et al., 2004). From September 15 to 17, Mt. Asama
continuously emitted volcanic ash that reached as far as
the metropolitan Tokyo about 130 km away. The largest
explosion earthquake to date occurred on September 23.
On September 29, October 10, and November 14, small-
to moderate-scale eruptions occurred. According to the
GPS observations, the opening of the dike beneath Eboshi-
Asama volcanic row had continued during the volcanic ac-
tivity (Aoki et al., 2005). The long-period seismic activity
with unique waveforms disappeared a few days before the
eruption on September 1, suggesting a certain change in the
volcanic ediﬁce precursory to the following eruptions (Ya-
mamoto et al., 2005).
3. Equipment and Data
The ﬁrst eruption of the Mt. Asama 2004 eruption se-
quence occurred on September 1 and was recorded by 5
permanent seismic stations operated by Asama Volcano Ob-
servatory (AVO), Earthquake Research Institute (Fig. 1).
These permanent stations are all equipped with short pe-
riod sensors except for AVO, at which a STS-2 broadband
sensor is being used. On September 9, after the eruption on
September 1, we added 2 more CMG-3T broadband sensors
at stations MAE and KUR. Five more temporary broad-
band stations–stations AVO2, SEN2, and ONI2 equipped
with STS-2, and stations HOT2 and ASS2 equipped with
CMG-3T-started operation on September 18. All the broad-
band stations are digitized by the 24 bit data loggers LS7000
and LS7000XT with GPS timing manufactured by Hakusan
Co. ltd. The sampling rate was 50 Hz at stations ASS2 and
HOT2. 100 Hz sampling was adopted at the other broad-
band stations.
For the analysis of the eruption on September 1, short pe-
riod records at FJM, AVO, KUR and ONI were used. Wave-
form records at 8 broadband stations, namely AVO, AVO2,
KUR, MAE, ASS2, HOT2, ONI2 and SEN2, were used for
the events on September 23 and 29. During the event on
October 10, neither the three components of ASS2 nor the
NS-component of SEN2 was available, due to low battery
and sensor malfunction. Thus, 7 stations were operational
for this event. For the event on November 14, we used two
short period stations FJM and SAN in addition to 8 broad-
band stations. We deconvolved sensor responses of both
short period and broadband records. The dominant period
in the seismic signals of 5 eruptions was 2 sec. In the period
range around the dominant period of 2 sec, the deconvolved
seismic records both from short period sensors and from
broadband sensors at the same station coincided with each
other.
4. Waveform Analyses
We analyzed waveforms of all 5 explosion earthquakes
(Event 1 on September 1, 20:02; Event 2 on September 23,
17:44; Event 3 on September 29, 12:17; Event 4 on Octo-
ber 10, 23:10 and Event 5 on November 14, 20:59) using
the waveform analysis technique developed by Ohminato
et al. (1998). Waveforms were bandpass ﬁltered at 0.1–
2 Hz. The realistic topography of the volcanic ediﬁce and
homogeneous velocity and density structures were assumed
for computing Green’s functions using the ﬁnite-difference
method (Ohminato and Chouet, 1997). Homogeneous ve-
locity values Vp = 3280 m/s, Vs = 1660 m/s were deter-
mined so that the observed travel times of both P and S
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Fig. 2. Normalized particle motions of the initial 3 seconds of Event 2
on September 23 observed by the 8 broadband stations. They generally
point toward the summit of Mt. Asama. Each particle motion starts from
an open circle corresponding to the station location. The initial outward
motions are followed by inward motions to the summit at all stations.
waves were minimized on average. The density value used
in the analyses was ρ = 2400 kg/m3.
The hypocenters of the 5 explosion earthquakes deter-
mined by the arrival times of the initial phases were dis-
tributed beneath the summit crater from 1500 to 2000 m.
Horizontal particle motions generally pointed toward the
same epicentral location beneath the summit crater (Fig. 2).
The distribution of the small earthquakes observed just be-
fore and after the September 1 eruption determined by the
double-difference technique were nearly vertical from just
beneath the summit crater to the depth of −1000 m, sug-
gesting the vertical geometry of the conduit (Yamamoto et
al., 2005). Keeping these hypocenter distributions in mind,
we ﬁxed the horizontal source location of the explosion
earthquakes at the center of the summit crater. We then
searched for and located the vertical locations of the point
sources between −1000 m and 2400 m.
Since the physical processes from which single forces
and force couples were originated would be different, we
further assumed that the explosion source was composed of
two point sources; one corresponding to three single force
components and the other corresponding to 6 force couples.
We examined all the possible combinations of the source
depths and we located the two source depths separately.
5. SourceMechanisms and Source TimeHistories
The observed waveforms were fairly well explained by
the synthetic waveforms (Fig. 3). All 5 events had similar
source mechanisms: a combination of single forces and an
isotropic component. The vertical component of the single
force components was dominant for all 5 events, and the
source time histories of these vertical single force compo-
nents had common features. They started with a downward
Fig. 3. Examples of the waveform match of radial and vertical displace-
ments during Event 2 at 4 selected stations. Thick and thin lines rep-
resent observed and synthetic seismograms, respectively. The station
name and component are shown at the upper right of each seismogram.
A ﬁgure at the bottom right corner of each seismogram indicates the
peak-to-peak amplitude of the seismogram in displacement units.
force followed by an upward force. Another downward
force appeared again 5–6 sec after the ﬁrst downward force.
These features were common to all 5 eruptions (Fig. 4). The
estimated source depths and amplitudes of the single force
and isotropic components are summarized in Table 1. The
source depths of the single force components are shallower
than 200 m from the bottom of the crater. The location of
the initial downward forces at the elevations higher than the
station elevations was consistent with the outward motion
of the very beginning of the horizontal particle motions in
Fig. 2.
5.1 Resolution of the source mechanisms
In order to conﬁrm the existence of single force com-
ponents, we examined the following ﬁve cases: Case 1,
6 moment tensor components and no single force compo-
nent; Case 2, 3 single force components and no moment
tensor component; Case 3, 6 moment tensor components
and 2 horizontal single force components; Case 4, isotropic
moment tensor components and 3 single force components;
Case 5, 6 moment tensor components and 3 single force
components. Variance reductions and Akaike’s Information
Criterion (AIC) (Akaike, 1974) for the above 5 cases for the
largest eruption (Event 2) on September 23 are summarized
in Table 2. Essentially the same results were obtained for
the other 4 eruptions. In Fig. 5, the synthetic waveforms
corresponding to the ﬁve cases are compared with a wave-
form recorded at MAE. The waveform matches are fairly
good for Cases 2, 4 and 5, while the discrepancies between
the synthetic and observed waveforms for Cases 1 and 3 are
large.
Without vertical single force components (Cases 1 and
3), the variance reductions were signiﬁcantly worse than in
the other 3 cases that included single force components.
The variance reduction in Case 2 was much larger than
those in Cases 1 and 3, despite having the smallest num-
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Table 1. Elevations above sea level and amplitudes of the single force and isotropic components for Events 1 through 5. Air shock amplitudes recorded
by Japan Meteorological Agency at a station 8 km south of the summit crater and the mass of the volcanic deposits compiled by Yoshimoto et al.
(2005) are also shown.
Event Single forces Isotropic components Air shock Deposits
Elevation (m) Amplitude (N) Elevation (m) Amplitude (Nm) amplitude (Pa) mass (kg)
1 2400 1 × 1010 2000 1 × 1013 205 4.9 × 107
2 2400 9 × 1010 2000 5 × 1013 72 8.5 × 106
3 2200 3 × 1010 2200 2 × 1013 30 1.3 × 107
4 2200 2 × 1010 2200 1 × 1013 19 2.8 × 106
5 2200 5 × 1010 2200 7 × 1013 73 2.5 × 107
Fig. 4. Source time histories obtained by waveform inversions for the 5 events. Only the diagonal components of moment tensors and the vertical single
force component are shown. Peak-to-peak amplitudes are indicated at the upper right corner of each panel. Units for the moment and force are Nm
and N, respectively. Note that the amplitudes of the upward single force components are of the order of 1010 N.
ber of free parameters. Case 2 thus resulted in a small AIC.
A large difference in AIC between Case 3 and Case 5 indi-
cated that the vertical dipole (Mzz) did not compensate for
the vertical single force (Fz). It is often pointed out that
Mzz and Fz are difﬁcult to resolve from far ﬁeld data (e.g.,
Takeo et al., 1990). In our case, however, these two com-
ponents were well resolved, probably due to the proximity
of our stations to the seismic source. The AIC values for
Cases 4 and 5 were almost the same. This means that the
off-diagonal components of the moment tensor components
were negligible.
These analyses strongly support the existence of single
force components. Waveform comparisons shown in Fig. 3
correspond to Case 5. The waveform matches were fairly
good. Similar waveform matches were also obtained in
Cases 2 and 4, as expected from their good variance reduc-
tions (Table 2). In Cases 2, 4 and 5, which included vertical
single force components, the overall characteristics of the
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Table 2. Variance reductions (VR) and corresponding Akaike’s Infor-
mation Criterion (AIC) for the 5 source mechanisms considered in the
waveform analyses of Event 3. SF and ISO mean the single force and
isotropic components, respectively.
VR AIC
Case1: 6 moment 0.358 −4574
Case2: 3 SF 0.632 −13514
Case3: 6 moment + 2 SF (Horiz.) 0.505 −7735
Case4: ISO + 3 SF 0.677 −15072
Case5: 6 moment + SF 0.758 −17737
Fig. 5. Differences in waveform match for different source mechanisms
corresponding to Cases 1 through 5. A single point source is assumed.
Note that the waveform match in Fig. 3 was obtained by using two
point sources. As an example, the vertical component recorded at
MAE during Event 2 is shown. Waveform matches for the mechanisms,
including the vertical single force (Cases 2, 4 and 5) are good, while the
waveform matches for the other two cases are signiﬁcantly poor.
time history (Fig. 4) of the single force components were
shared in common.
We further conducted two numerical tests to conﬁrm the
results obtained for the real data. In the ﬁrst test, synthetic
seismograms for a vertical single force (Fz) at 2200 m were
computed and were inverted in the same way as were the
real data. For all three cases in which Green’s functions as-
sociated with Fz were involved (Cases 2, 4, and 5), the syn-
thetic waveforms were almost perfectly explained and the
source time functions were well reconstructed. However,
for the cases without Green’s functions associated with Fz
(Cases 1 and 3), the source time functions were not well re-
constructed. Especially in Case 3, in which all the mecha-
nism components except for Fz were included, the synthetic
waveforms were scarcely explained. These results of the
numerical test indicate that the synthetics originating from
Fz are not well explained by source mechanisms other than
Fz .
On the other hand, it is difﬁcult to prove that an inversion
of the synthetic seismograms computed without an Fz com-
ponent does not result in a spurious Fz component in the
source time function. In the second test, we computed syn-
thetic seismograms without an Fz component and inverted
them assuming all the source components including Fz . In
this test, a spurious contribution from Fz was observed. But
it was also observed that the variance reductions were not
signiﬁcantly affected by the inclusion of Fz .
When we analyzed the real data of the explosion earth-
quakes, the waveforms were not explained by the source
mechanisms without Fz (Cases 1 and 3). However, when
we analyzed the real data assuming only three single force
components, the waveforms were fairly well explained
(Case 2). It was also observed that a great improvement
in variance reduction was obtained by the inclusion of Fz .
We believe that these observations conﬁrm the existence of
the vertical single force component.
While the existence of the single force components was
clearly proven, the existence of an isotropic component
was somewhat ambiguous. At a distance of 1km from the
source, contributions to the waveforms from a single force
of 1010 N and a moment tensor component of 1013 Nm are
the same. Thus, except for Event 1, the contributions of the
moment tensor component to the observed seismograms are
1/3 to 1/2 of that of the single force. The obtained single
force components were sensitive to depth. The total vari-
ance reduction changed signiﬁcantly with changes in the
source depth. If the depth of the single force components
was close to the depth at which the single force compo-
nents gave their minimum residual, their source time histo-
ries were stable. By contrast, the variance reduction was not
signiﬁcantly affected by the depth of the isotropic compo-
nents, even though the source time history of the isotropic
component differed from depth to depth. It is possible that
the isotropic component was merely an artifact produced to
explain the residual waveforms from which the contribution
of single force components was removed.
5.2 Effects of spatial extension of the source
The waveform inversion technique used in the analyses
is based on the point source assumption. There might be a
possibility that the spatial extent of the actual source was
not small compared to the dominant wavelength of the ob-
served seismic signals, and that the obtained solutions were
signiﬁcantly distorted by the point source assumption. The
wavelengths corresponding to a dominant period of 2 sec
are approximately 6 km and 3 km for P and S waves, re-
spectively. If the spatial extent of the source volume is only
several 100 m, then the source can be treated as a point. On
the other hand, if the source extent reaches several km, the
solution obtained under the point source assumption may
not be exact. In order to estimate the effect of the spatial
extent of the source volume, we conducted the following
test.
First, we computed synthetic seismograms for syn-
chronous forces vertically distributed along the conduit at
intervals of 200 m. A sine source time function S(t) =
sin(2π t/tp) with tp = 2s was used for the vertical single
force. We investigated the range of the vertical source ex-
tension from 400 m to 3200 m. The top of the extended
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Fig. 6. Source time histories for various source lengths. Dotted lines are
the given source time functions and solid lines show the results of the
inversion. The vertical source length and the depth at which the best
solution is obtained are shown at the top of each panel. Only single
force components are shown.
source was ﬁxed at 2400 m. Seven synthetic seismograms
for point sources at 1200, 1400, 1600 1800, 2000, 2200,
and 2400 m were used to mimic a vertical source extend-
ing from 1200 m to 2400 m. We then inverted the synthetic
seismograms in the same manner as we did for the real data.
The source time histories for various source lengths are
shown in Fig. 6. The test results are summarized as fol-
lowing. (1) When the source length was less than 1 km,
no signiﬁcant distortion of the source time function was ob-
served. The extended source was well approximated by a
point source at the center of the source extent. (2) When the
source length was longer than one-half of the wavelength
of the S-wave, a slight distortion of the source time func-
tion was observed. (3) As the source length increased, the
degree of the distortion of the source time function also in-
creased. (4) For source lengths shorter than 2800 m, the
depth at which the best-ﬁt solution was obtained coincided
with the center of the source. For longer source lengths
between 2800 m and 3200 m, however, the best-ﬁt solu-
tions were obtained at depths shallower than the center of
the source, probably due to the decreasing contribution of
the deep portion of the extended source to the seismograms
observed at the ground surface. (5) Although the degree of
the distortion increased with the source length, the source
time function was not totally destroyed within the investi-
gated range of the source length, from 400 m to 3200 m.
The effect of the ﬁnite extent of the source volume was lim-
ited, and it did not generate any signiﬁcant spurious forces.
6. Discussion
6.1 Origin of the vertical single force
A single force is generated by an exchange of linear mo-
mentum between the source volume and the rest of the Earth
(Takei and Kumazawa, 1994). For simplicity’s sake, sup-
pose that the source volume is ﬁlled with viscous ﬂuid and is
surrounded by vertical and horizontal boundaries. When the
center of mass of the internal ﬂuid moves upward or down-
ward by certain physical processes, such as a change in
mass distribution in the source volume as a result of vesic-
ulation or fragmentation of the ﬂuid, then an exchange of
linear momentum will take place through the boundary be-
tween the source volume and the surrounding country rock.
When the viscosity of the ﬂuid is low, the linear momentum
will be exchanged mainly through the normal force on the
bottom or top boundaries of the source volume. When the
viscosity is high, the momentum exchange through the vis-
cous drag force on the vertical boundary will become sig-
niﬁcant. In the following sections, we investigate the way
the momentum exchange might have taken place during the
explosion earthquakes at Mt. Asama.
6.1.1 Initial downward force The most plausible ge-
ometry of the source volume of the explosion earthquakes
at Mt. Asama is a nearly vertical conduit ﬁlled with viscous
magma. The source region was initially sealed at the top by
a lid. The bottom of the source volume, on the other hand, is
difﬁcult to deﬁne because the depth reached by the magma-
ﬁlled conduit is unknown. In the time history of the ver-
tical component of single force obtained by the waveform
analyses, two downward phases and one upward phase are
seen. The initial downward force probably corresponds to
the removal of the lid. The model used by Kanamori and
Given (1982) to investigate the Mount St. Helens eruption
in 1980 can be applied in explaining the generation of the
initial downward single force observed at Mt. Asama.
6.1.2 Upward force: magma drain-back? The
mechanism of the upward force component following the
initial downward force is not easy to explain. An upward
force is generated by a change of linear momentum in
the downward direction, which is associated with either a
downward acceleration or upward deceleration of the cen-
ter of mass of the source volume. One possible physical
process is a drain-back of the magma in the conduit into
the deeper portion of the conduit, as was observed during
the eruption of Izu-oshima volcano in 1987 (Takeo et al.,
1990). But the downward motion of magma in the con-
duit results in a gradual increase of upward force, followed
by a downward force due to gradually decelerated magma
movement with a relatively short time constant, as shown
in ﬁgure 18 of Takeo et al. (1990). In addition, the magma
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drain-back model does not seem to be consistent with the
signiﬁcant amount of volcanic ash and ejecta emitted after
the initial explosion. The magma must have ascended soon
after the initial explosion.
6.1.3 Upward force: viscous drag force? Another
candidate for the physical process that generated the up-
ward single force is the drag force of the ascending viscous
magma applied on the very shallow portion of the conduit
wall. Here, we examine whether the viscous drag force of
ascending magma can quantitatively explain the observed
amplitude of the upward force. The strength of the drag
force F due to viscous liquid ﬂow in a cylindrical conduit is
given as F = 8πηνl by the ﬂuid viscosity η, the mean ﬂuid
velocity ν and the length of the conduit wall l on which the
drag force is exerted (see for example, Turcotte and Schu-
bert, 2001).
The typical value of viscosity for andesitic magma at
around 1100◦C is 105–106Pas (Murase and McBirney,
1973). The effective length of the conduit wall is uncertain
but is probably longer than dozens of meters and shorter
than hundreds of meters. We assume 200–400 m as an
estimate of the effective conduit length. It is difﬁcult to
estimate the magma ascending velocity. Rutherford and
Gardner (2000) compiled typical magma ascending veloci-
ties. The averaged ascending velocities during an explosive
phase are on an order of a few m/s. This rate of magma as-
cent is calculated from the mass eruption rates. Turcotte et
al. (1990) theoretically estimate the exit velocity of magma-
vapor mixture to be several 100 m/s for vulcanian eruptions
based on the idealized one-dimensional shock-tube model.
At Stromboli volcano in Italy, the gas jet velocities ranged
from 40 to 100 m/s, and the velocities of the volcanic bombs
derived from the gas jet velocities were around 40 m/s
(Ripepe et al., 2001). The magma-vapor velocity or the gas
jet velocity represents the velocity of fragmented magma.
The magma velocity we need to know is the magma veloc-
ity before fragmentation, which may be signiﬁcantly slower
than the velocity of fragmented magma. Thus, these veloc-
ity values of several 10 to 100 m/s are regarded as an upper
limit of the magma ascending velocity. We here assume 5–
10 m/s as the magma ascending velocity. If we assume the
viscosity of the andesitic magma, the ﬂuid ascending veloc-
ity, and the effective wall length to be 105–106Pas, 5–10 m/s
and 200–400 m, respectively, then the order of magnitude
of the upward drag force is roughly 109–1011N. This ﬁgure
is in good agreement with the observed value.
Of course, a vertical downward force that compensates
for the upward force must exist in order to preserve the
total momentum. Such a downward single force may be
exerted at the deeper portion of the volcanic conduit. In
the case of the Asama eruptions, an exchange of linear
momentum between the magma and surrounding country
rock takes place probably through the viscous drag force
on the vertical wall of the conduit. On the one hand, the
upward force will act mainly on a relatively short portion
at the top of the conduit, where the ascending velocity of
magma relative to the conduit wall is large. We previously
assumed that the length of that portion was several 100 m.
On the other hand, since the descending velocity is low, the
length of the portion of the conduit on which the descending
magma exerts a downward drag force needs to be very long
in order to compensate for the upward force. The downward
velocity of magma in the deep portion of the conduit will
be at least an order of magnitude smaller than the upward
velocity of increasingly vesiculating shallow magma. The
only way for the slowly descending magma to compensate
the linear momentum of rapidly ascending magma would
be to exert a drag force over a much longer portion of the
conduit. Such a portion of the conduit starts at the depth
where the relative motion between the magma and conduit
wall is zero. That portion probably extends downward to a
certain large depth.
Since a point source was assumed in our analyses, a force
system composed of two forces, one near the surface and
another at depth, may not have been well expressed by this
method of analysis. Probably due to the proximity to the
stations, the upward force located at the shallow part of the
conduit was dominant, and the downward force that was
exerted mostly in the deeper portion of the conduit was not
well resolved. The closest station, MAE, is located 1.2 km
from the center of the summit crater. The distance is well
within the wavelength of the observed seismic signals dom-
inated by 1–2 sec components. A force system that is com-
posed of a shallow upward force and a deep downward force
is approximated by a vertical dipole if seen from distant
seismic stations. If we analyzed far ﬁeld waveform data,
then we might be able to obtain the force system domi-
nated by a vertical dipole. But, probably, this idea did not
work in practice. In the far ﬁeld waveforms, the contribu-
tion of the dipole to the Rayleigh wave, which dominates
the waveforms at large distance, would have been hidden
by the contributions of the vertical downward single forces
that appeared just before and after the vertical dipole force.
6.1.4 Second downward force What kind of physi-
cal mechanism could explain the second downward single
force? Could it be related to the explosive fragmentation
of magma in the conduit? Explosive fragmentation is a
very complicated physical process. Once it begins, it is not
easy to presume what kind of force system is acting on the
conduit wall. One possibility is that the dominant single
force component during the explosive fragmentation stage
is downward. When an abrupt volume expansion of bub-
bles at the magma surface accelerates the upward motion
of volcanic ejecta, the ejecta receive upward linear momen-
tum. At the same time, the abrupt expansion pushes the
less-fragmented magma downward in order to preserve the
total linear momentum. However, it also seems possible
that the dominant single force at this stage is upward. If
the contribution of mass removal by an emission of ash and
volcanic bombs from the conduit surpasses all other contri-
butions, then the observed force will be upward rather than
downward.
Another factor affects the direction of the single force
component on the conduit wall: a change of magma viscos-
ity in the conduit. As long as the gas fraction in the aris-
ing magma is low, an upward single force due to the aris-
ing viscous magma keeps exerting on the conduit wall. As
the gas fraction of magma increases and bubbles begin in-
teracting and coalescing, magma fragmentation begins, and
the ﬂow regime in the conduit changes from a bubbly ﬂow
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Fig. 7. (a) Time histories of a downward force and two kinds of upward
forces. (b) Superposition of the downward and upward single forces for
the case when magma velocity gradually decreases in the intermediate
stage of the upward force. This shape resembles the observed time
histories for Events 1, 2 and 5. (c) The same as (b), but the magma
velocity in the intermediate stage gradually increases. This resembles
the observed time histories for Events 3 and 4.
to a gas-particle/droplet ﬂow (e.g., Dobran, 2001). Once
magma fragmentation starts, the magma quickly loses its
viscosity and the upward single force acting on the con-
duit wall becomes essentially zero. The abrupt change in
magma viscosity in the conduit may explain the observed
second downward single force.
According to a pressure release model by Kanamori et
al. (1984), the time history of the vertical single force is
represented by a sudden downward component followed
by an gradual recovery to the initial state, as shown in
Fig. 7(a). The time history of an upward force originated
from the viscous drag force is subject to uncertainties. It
will consist of an increasing stage corresponding to the
accelerated ascent of viscous magma, and a vanishing stage
corresponding to the sudden disappearance of the viscous
force due to the explosive fragmentation. Between these
two stages, there may be a stage where velocity does not
change drastically. If we superimpose an upward single
force with a time history composed of these three stages,
then we obtain a time history of the single force component
which qualitatively explains the characteristic time histories
of the observed single force components (Figs. 7(b), (c)).
According to this idea, the second downward single force is
not a real force but just an apparent one. A deﬁnite answer
to the origin of the second downward force remains to be
studied in the future.
6.1.5 Eruption model A model of the explosion
earthquakes at Mt. Asama as described above is summa-
rized in Fig. 8. (1) Before each vulcanian eruption, the
conduit sealed at the top by a lid was pressurized. The
pressure in the conduit gradually increased due to a sup-
ply of volcanic gas dissolved from the magma. (2) When
the pressure exceeded the lid strength, the ﬁrst downward
single force was initiated by a sudden removal of the top
lid. (3) The magma in the conduit was depressurized, and
the volume expansion of magma due to its vesiculation was
initiated. As the volume of magma in the conduit increased,
the magma head rose, exerting an upward drag force on the
conduit wall. A downward single force was exerted at the
deeper portion of the conduit in order not to violate the con-
servation of linear momentum. (4) The magma reached the
very shallow portion of the conduit and was exposed di-
rectly to the atmospheric pressure. (5) An explosive frag-
mentation of magma started at the very shallow portion of
the conduit. The viscosity of the magma dropped suddenly,
and the upward viscous drag force on the conduit wall al-
most vanished. (This explanation of the second downward
force is not unique, as mentioned above.)
6.1.6 Vulcanian eruptions without a dominant sin-
gle force A vertical single force whose contribution to the
waveforms is larger than the contribution of the moment
component does not always accompany vulcanian erup-
tions. The mild vulcanian eruptions at Popocate´petl Vol-
cano, Mexico were accompanied by a single force com-
ponent with a magnitude of the order of 108 N, but the
contribution of the single force to the waveforms was not
dominant (Chouet et al., 2005). Uhira and Takeo (1994)
referred to the difﬁculty in distinguishing the contributions
of Mzz and Fz components to the waveforms accompany-
ing the vulcanian eruptions at Sakurajima volcano, Japan.
Tameguri et al. (2002) showed that the waveforms associ-
ated with the vulcanian eruptions at Sakurajima could be
explained without including a single force component.
The contributions of single force components to the
waveforms vary from eruption to eruption. This variance
may reﬂect certain conditions of the volcanoes, such as the
viscosity of the magma, the gas content of the magma, or
the geometry of the volcanic conduit. Thus, a quantitative
evaluation of single force components will give us a new
insight into volcanic eruptions.
6.2 Intensity of the 2004 Asama eruption
During the 2004 Asama eruptions, acoustic and geologi-
cal measurements were conducted in addition to the seismic
observations. In the following, we discuss the scale of the
2004 Asama eruptions based on these different types of ob-
servations.
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Fig. 8. Schematic model of vulcanian explosions at Mt. Asama. (1) The pressurized stage just before the eruption. The conduit is sealed at the top by
a lid. (2) A sudden removal of the top lid generates the ﬁrst downward single force. (3) An upward movement of magma in the conduit exerts an
upward drag force on the conduit wall. (4) The magma head reaches the ground surface. (5) When the explosive fragmentation near the top of the
conduit starts, the upward viscous drag force on the conduit almost disappears. The horizontal dotted line shows the descending vesiculation level.
McNutt (1994) showed that the volcanic explosive index
(VEI) of Newhall and Self (1982) could be estimated based
on tremor reduced displacement (DR). He showed that the
VEI value associated with the erupted volume of volcanic
deposits and the log(DR) associated with the seismic inten-
sity were linearly related. Nishimura et al. (1995) showed
that the source mechanism of the volcanic tremor was ex-
plained by a vertical single force. These studies suggest that
the amplitude of the vertical single force component and the
amount of the volcanic deposits should have had a positive
correlation during the 2004 Asama eruptions. However, as
shown in Table 1 and Fig. 9, their correlation was not nec-
essarily positive. Event 1 on September 1 was the largest
eruption with respect to the amplitude of the air shock and
amount of volcanic deposits, while Event 2 on September
23 was far more intense than the other 4 eruptions from the
viewpoint of the single force amplitude. On the other hand,
the air shock intensity and amount of volcanic deposits have
a positive correlation for all 5 events. We will discuss be-
low how the complicated relation between the single force
amplitude and air shock amplitude arose.
According to the eruption source model used by
Kanamori et al. (1984), the intensity F of the vertical single
force is
F = SP, (1)
where S is the cross section of the conduit and P is the
pressure in the conduit. The source of air shock would be a
lid pushed and accelerated upward by the pressure in the
conduit. Since the observed amplitudes of the air shock
were inversely proportional to their distance from the vent,
we assume that the source is a monopole. Then, the excess
pressure p depends on the rate of mass outﬂow q˙ from the
source as p = q˙/4πr (e.g., Blackstock, 2000), where r is
Fig. 9. Relation between mass of the volcanic deposits and the amplitude
of the single forces (SF) and air shocks (AS). The single forces for
Events 3, 4, and 5 and the air shock amplitudes for all 5 events align,
but the single force amplitudes for Events 1 and 2 are exceptionally
small and large, respectively.
the distance from the source. The mass outﬂow is expressed
as q˙ = ρSa, where ρ is the air density, S is the cross section
of the lid and a is the vertical acceleration of the lid. In
addition, the acceleration a, the force F and the mass of the
lid m are related as F = ma. For such a monopole source
of sound in a half-space, the far-ﬁeld pressure p observed








Note that factor 2 is included to account for the radiation in
a half-space.
The single force amplitude, the air shock amplitude, and
the volcanic deposits are not necessarily positively related
to each other, as shown in Fig. 9. The single force intensity
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for Event 2 is nine times larger than that for Event 1, while
the air shock amplitude for Event 2 is only a third of that for
Event 1. As shown in Eq. (1), the amplitude of the single
force is proportional to the cross section of the conduit and
the pressure in it. Since there is no special reason for the
signiﬁcant change in the cross-section S between Event 1
and Event 2, the difference in the intensity of the single
force component should be attributed to the difference of
the pressure P in the conduit. It was interpreted that the
pressure in the conduit before Event 2 was nine times larger
than that before Event 1. Nishimura and Uchida (2005)
analyzed the surface waves excited by the eruptions, and
obtained essentially the same conclusions.
According to Eq. (2), the air shock amplitude p is posi-
tively related to the force F , and, at the same time, inversely
related to the mass of the lid m. In order to explain the air
shock amplitude for Event 2, the mass of the lid for Event 2
must be nearly 30 times larger than that for Event 1. The
large difference in the mass of the lid is in good agreement
with the observation that the bottom of the summit crater
was ﬁlled with a pancake-shaped lava mound 65 m thick be-
fore Event 2 (Oki et al., 2005). The lava mound was formed
after Event 1, and was partially blown off at the center of the
mound during Event 2. Although the pressure in the con-
duit before Event 2 was 9 times higher, probably due to a
sealing effect by the thick lava mound, the acceleration of
the lid was only a third due to the large mass of the lid. The
low acceleration of the lid resulted in the small amplitude
radiation of sound. The other eruptions can be interpreted
in the same manner. Events 3, 4 and 5 are characterized by
moderate conduit pressure and the large mass of the lid. It
is only in Event 1 among the ﬁve explosions where there
was no thick lava mound before eruption.
Since some part of the lid would be blown off during
each eruption, it seems natural for there to be a positive
relation between the volcanic deposits and the mass of the
lid. However, the observed volcanic deposits are positively
related to the air shock amplitudes rather than to the lid
mass. How can this be explained? How great is the un-
certainty of the volcanic deposits estimation? According to
the scientists who conducted the volcanic deposits measure-
ments during the 2004 Asama eruption, it is certain that the
amount of ash emitted during the September 23 eruption
(Event 2) was exceptionally small. Although there may be
uncertainty by a factor of several times, it is unlikely that
the actual amount of emitted ash could be nearly ten times
more than the amount that was actually measured (Yoshi-
moto, personal communication). Thus, the relation between
the volcanic deposits and the mass of the lid is not explained
by the uncertainty in the volcanic deposits measurements.
It is possible that only a fraction of the total substances
moved during the eruptions were actually emitted as ash.
Aerial photos taken just after Event 2 support this idea.
These photos show that gigantic rock blocks whose esti-
mated mass exceeds several hundred to one thousand tons
(105–106 kg) were scattered in the summit crater. The num-
ber of these huge blocks was over several hundred. This
means that the total mass of such huge rocks distributed in-
side the crater amounted to at least 107–108 kg. This mass
is several to ten times more than the mass of ash emitted
outside of the summit crater. In addition, it is highly pos-
sible that the shallowest portion of the conduit was ﬁlled
with much larger masses of fragmented rocks and solidi-
ﬁed magma, which moved up and down in the conduit dur-
ing eruptions and contributed to the excitation of the single
force. Not all of the volcanic ejecta can reach the outside of
the summit crater. The volcanic deposits inside the crater
have been omitted from the estimation of the mass emis-
sion. But such unmeasured materials would have occupied
the great portion of the mass of the lid capping the conduit.
The mass of ash that emitted outside of the summit crater
rim contributed to the mass of the volcanic deposits actually
measured. Probably, the mass of ash was strongly related to
the ﬁnal velocity reached by the lid vertically accelerated
before breaking into small volcanic ejecta. Since the air
shock amplitudes are proportional to the vertical accelera-
tion of the lid as shown in Eq. (2), the positive relation be-
tween the air shock amplitudes and volcanic deposits seen
in Fig. 9 is easily understood.
7. Conclusions
We analyzed 5 explosion earthquakes during the
Mt. Asama 2004 eruptions. The results of the waveform
analyses indicate that a vertical single force whose depth
range was 0–200 m from the bottom of the summit crater
dominated the force system at the source region. The source
time histories of the vertical single force are characterized
by an initial downward force followed by an upward force.
Another downward force was observed 5–6 sec after the
ﬁrst one. The initial downward vertical force can be at-
tributed to a reaction force of the volcanic jet or volcanic
ejecta. The upward single force following the initial down-
ward force can be explained by a drag force applied to the
very shallow portion of the conduit wall due to viscous ﬂuid
ﬂow. When magma starts fragmentation and loses its vis-
cosity, the upward force suddenly disappears. The second
downward force may not be an actual force, but an appar-
ent force due to the disappearance of the upward force. A
downward force must accompany the upward force in or-
der to preserve the total momentum. One possible reason
that the downward counterpart was not observed is the point
source assumption. Our next step will be to apply a method
of analysis in which we can spatially resolve the distributed
force system along the volcanic conduit in order to under-
stand the detailed physical processes within the conduit dur-
ing the explosive eruptions.
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